Diseases of aging produce many alterations in the retina, but changes in growth factor signaling in normal aging are less characterized. This study investigated modifi cations in insulin-like growth factor-1 (IGF-1) receptor (IGF-1R) signaling in the retina of Brown Norway × Fischer 344 F1 hybrid rats at 8, 22, and 32 months. Immunoblotting for proteins involved in IGF-1R signal transduction and electroretinograms were done to evaluate changes with aging. Aging produced a signifi cant decrease in b-wave and oscillatory potential amplitudes in the retina . Aging produced increased phosphorylation of IGF-1R. Despite the increase in IGF-1R activity, insulin receptor substrate-1 (IRS-1) phosphorylation was signifi cantly decreased with increasing age. Akt activity was signifi cantly decreased at 22 and 32 months of age, resulting in increased cleaved caspase 3 levels. The results suggest that regulation of IRS-1 phosphorylation may modulate apoptotic rates in the aging retina, potentially preventing activation of vascular endothelial cell growth factor.
W
ITH an ever-increasing number of baby boomers living longer, enhancing our understanding of the normal aging process in each organ becomes more important. Although it is clear that the rates of cancer and heart disease are increased with age, less attention has been focused on the changes in the visual system with age. The need to wear bifocals for reading is the most common age-associated change in the visual system due to alterations in the lens. Normal aging of the retina is associated with the loss of rod photoreceptors with age ( 1 , 2 ) . In addition, hyperglycemia, which is more common due to advancing age, can induce formation of advanced glycation end products, potentially damaging the retina. We have previously reported that normal aging of the rat retina is associated with substantial changes to sympathetic neurotransmission, including a reduction in dopamineb -hydroxylase and a concurrent increase in b 1 -adrenergic receptor protein ( 3 ) . Previous work has also demonstrated that vascular endothelial cell growth factor (VEGF) protein is signifi cantly increased in the retina of 32-month-old Brown Norway × Fischer 344 (BN × F344) F1 hybrid rats compared with their 8-month-old littermates ( 4 ) . Because VEGF is associated with a number of age-related diseases due to its role in vascular growth, it has been the focus of development of a number of pharmaceutical agents.
Although VEGF is a key target for vascular changes, the regulation of VEGF activation also may offer insight into new targets for drug discovery. One key regulator of VEGF is insulin-like growth factor-1 (IGF-1). Work on IGF-1 receptor (IGF-1R) has previously been focused on its role in longevity as mutations in IGF-1R or its downstream signaling allow for increased life span ( 5 , 6 ) . One mechanism for the increased life span of the IGF-1R mutants may be that these animals are resistant to a number of age-associated diseases involving cellular growth, such as cancer ( 7 , 8 ) . These fi ndings suggest that alterations in IGF-1R activity may produce changes in cellular function, linked to agerelated diseases. The role of IGF-1R signaling in age-related disease is likely related to its ability to activate both the mitogen-activated protein kinase pathway and the phosphatidylinositol-3-kinase (PI3K) cascade ( 9 , 10 ) . Some have shown that activation of IGF-1R can protect oligodendrocytes from apoptosis through activation of the PI3K pathway ( 11 ) . Little has been done to investigate the balance of IGF-1R signaling in the retina with normal aging. Work has been done in the retina for IGF-1R signaling as a modulator of neovascularization in retinopathy of prematurity ( 12 ) , diabetic retinopathy ( 13 , 14 ) , and also in development ( 15 ) , but to our knowledge, limited work has been done on the regulation of IGF-1R signaling in the retina with normal aging in vivo.
The goal of the present work was to investigate phosphorylation and activation of IGF-1R and its downstream intermediates in a rat model of normal aging. Investigations were done on retinal lysates from 8-, 22-, and 32-month-old Brown Norway × Fischer 344 F1 hybrid rats.
Materials and Methods

Animals
Male BN × F344 F1 hybrid rats aged 8 months ( N = 8, ~ 20 years of age in human years), 22 months ( N = 8, ~ 50 -60 years of age in human years), and 32 months ( N = 8, ~ 80 -90 years of age in human years) purchased from the National Institute of Aging through Harlan were used to determine changes in IGF-1R signaling in the retina with age. This rat strain was used because they show less age-related pathologies ( 16 ) . Rats were anesthetized using a ketamine and xylazine mixture and the eyes were removed. The cornea was cut and the lens and vitreous removed. The retina was separated from the choroid and sclera and immediately placed into cold lysis buffer containing protease and phosphatase inhibitors. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Tennessee Health Science Center.
Functional Assessment
Electroretinogram (ERG) analyses were done to evaluate functional changes in the vision with age. For the ERG analyses, rats were dark adapted overnight. The following morning, the rats were anesthetized using an intraperitoneal injection of a ketamine and xylazine cocktail. The pupil of each eye was fully dilated using 1% tropicamide solution (Alcon, Ft. Worth, TX ). To protect the eye and assist in maintaining a good electrical connection, a drop of methylcellulose solution was added to each eye (Celluvisc; Allergan, Irvine, CA). Body temperature was maintained at 37°C with a water-based heating pad. The ERG responses are recorded from both eyes simultaneously using platinum wire corneal electrodes, a forehead reference electrode, and ground electrode in the tail. The ERG stimuli were delivered via the Diagnosys LLC system. All animals tested recovered from anesthesia after the ERG recording sessions.
ERG responses are recorded in response to brief (4 milliseconds) white light emitting diode and then from the Xenon arc lamp delivered at 2.1-second intervals for dim stimuli and at 35-second frames for brighter stimuli. The range of stimulus intensities extended from − 4.0 to 3.0 log (cd·s/m 2 ) for analysis of the b-wave amplitudes. ERG waveforms are recorded with a bandwidth of 0.3 -500 Hz and sampled at 2 kHz by a digital acquisition system (Diagnosys, Lowell, MA). Data were analyzed using the Espion System, which is provided by Diagnosys. Plots of intensity -response functions for the b-waves are fi t to a hyperbolic (NakaRushton) function of the form
where R is the response amplitude at fl ash intensity I , R max is the asymptotic amplitude of the b-wave (in microvolts), K is the intensity at which b-wave amplitude is half of its asymptotic value (in candelas per square meter per second), and n determines the slope of the function at I = K .
For assessment of the oscillatory potentials (OPs), stimuli were administered at 3 log (cd·s/m 2 ). Data analysis for the OPs was analyzed using the Fast Fourier Transform Algorithm for a time-based signal, which is a program within MatLab software (The MathWorks, Natick, MA), with a digital band-pass fi lter set for 60 -300 Hz, and the peak wavelets of the four wavelets were measured from trough to peak ( 17 , 18 ) .
Protein Measurements
Western blot analyses for IGF-1R and its downstream signaling intermediaries were done on retinal lysates as previously published ( 19 ) . Primary antibodies used were phosphorylated IGF-1R (Tyr 1135/1136, 1:500; Cellular Signaling, Danvers, MA), total IGF-1R (1:500; Cellular Signaling), total Akt (1:500; Cellular Signaling), phosphorylated Akt (Ser 473, 1:500; Cellular Signaling), and cleaved caspase 3 (Asp 175; Cellular Signaling). For analyses of the data, mean densitometry values were obtained using the Kodak 5.0 software. The ratio of phosphorylated protein was compared to levels of total protein.
Immunoprecipitation for Phosphotyrosine
Once protein was collected into lysis buffer and assayed for protein content, 500 m g of total protein lysate was combined with 40 m L (1:250 dilution) of insulin receptor substrate (IRS)-1 or IRS-2 antibodies. After washing, protein A/G beads (Santa Cruz, Santa Cruz, CA) were added, and the immune complexes were allowed to bind at 4°C overnight . The following day, unbound proteins were removed by washing the beads, leaving the purifi ed antibody -antigen complexes bound. Twenty microliters of sample buffer was added to the bead sample and boiled at 100°C for 7 minutes, spun briefl y, and loaded onto 4% -12% tris -glycine gels for Western blotting. Blots were probed with 4G10 phosphotyrosine antibody (1:250; Millipore, Billerica, MA) to detect phosphorylated tyrosine residues within IRS-1 or IRS-2 protein complexes.
Enzyme-Linked Immunosorbent Assay Analyses
Enzyme-linked immunosorbent assay (ELISA) analyses were done for total IGF-1 levels (Immunodiagnostic Systems, Fountain Hills, AZ) and cleaved caspase 3 (PathScan Cleaved Caspase 3 ELISA; Cell Signaling) according to the manufacturer ' s instructions, except that equal protein was loaded so that analyses could be done on optical density measurements.
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Analysis
Retinal sections (5 m m) from 8-, 22-, and 32-month F344 × BN F1 hybrid rats were labeled using the DeadEnd Fluorometric terminal deoxynucleotidyl transferase dUTP nick end labeling analysis (TUNEL) System (Promega, Madison, WI). Sections were analyzed for fl uorescein isothiocyanate (TdT) and tetramethyl rhodamine iso-thiocyanate (propidium iodide) and visualized using Nikon Eclipse 80i fl uorescence microscope with NIS elements software . Sections were visualized at ×200 to give a global view of the retina.
Statistics Applied
For the analyses of phosphorylated and total protein levels, the mean densitometry values were obtained using Kodak 4.0 software. The ratio of phosphorylation to total protein was calculated and entered into Prism 4.0 software (GraphPad, San Diego, CA). A Mann -Whitney test was done to compare each age group against the mean from the 8-month group. For the ELISA analyses, the optical density numbers were entered into Prism and analyzed using a Mann -Whitney test. p Value of <.05 was taken to be signifi cant.
Results
Aging Causes a Signifi cant Loss of B-Wave and OP Amplitude in the ERG
ERG analyses on 8-, 22-, and 32-month-old rats demonstrated that normal aging is associated with a signifi cant loss of both B-wave and OP amplitudes ( Figure 1 ). Many others have reported that the retina has decreased thickness with increasing age, which could reduce the amplitude of the B-wave and OPs ( 20 , 21 ) .
IGF-1R Phosphorylation Is Signifi cantly Increased With Age
A common occurrence in aging is an alteration in growth factor levels and signaling. Because we have previously demonstrated that VEGF is increased in aging ( 4 ), we wanted to determine whether this is due to changes in IGF-1R signaling. Total levels of IGF-1 in the aging retina are not altered ( Figure 2 ). Although it has been reported that Figure 1 . The left image is a representative waveform for each age group. The middle panel is the mean amplitudes for each age group for the B-wave. The right panel is the mean amplitude for the oscillatory potentials at the light intensities investigated. All animals were dark adapted overnight before electroretinogram analyses were completed. Light intensity is presented on the x -axis as log (cd·s/m 2 ). N = 5 animals at each age. serum levels of IGF-1 can change within specifi c time of the day, our data suggest that retinal levels of free IGF-1 are much more stable. The ratio of phosphorylated IGF-1R to total IGF-1R is signifi cantly increased in 32-month-old rats compared with 8-month-old rats ( Figure 3 , p < .05 vs 8 months). Thus, in spite of limited changes in the level of available IGF-1 in the retina, receptor activity is increased.
Aging Results in a Signifi cant Decrease in Tyrosine Phosphorylation of IRS-1 With No Change in IRS-2
Because IGF-1R phosphorylation often leads to tyrosine phosphorylation of members of the IRS family, we next investigated IRS-1 and IRS-2 activity. Although total protein levels of IRS-1 were not altered with age, the phosphorylation of tyrosine residues is signifi cantly reduced with increasing age ( Figure 4A , p < .05 vs 8 months). This suggests that the increase in IGF-1R phosphorylation is not being transduced to activation of IRS-1 activity. In contrast to the age-related decrease in IRS-1 activity, no signifi cant changes were observed in tyrosine phosphorylation of IRS-2 in the aging retina ( Figure 4B ).
Serine Phosphorylation of Akt Is Signifi cantly Reduced in Lysates From Aging Retina
Likely due to the decrease in IRS-1 activity, phosphorylation of Akt is signifi cantly decreased in retinal lysates from 22-and 32-month-old rat samples compared with younger animals ( Figure 5 , p < .05 vs 8 months). Because Akt is a key antiapoptotic factor, levels of cleaved caspase 3 in the aging samples are signifi cantly increased in the aging retina ( Figure 6 , p < .05 vs 8 months). TUNEL labeling demonstrated that the apoptosis occurs primarily in the outer plexiform layer, with limited amounts in the ganglion cell layer. These results suggest that although IGF-1R phosphorylation is increased with age, this does not protect the aging retina from apoptosis. The increase in apoptosis noted by the increase in the cleavage of caspase 3 may explain the reduced amplitudes of the B-wave and OP in the ERG results.
Discussion
Increased vascular growth in the retina is associated with a number of diseases, including " wet " macular degeneration, diabetic retinopathy, and retinopathy of prematurity ( 12 ) . This vascular growth often involves activation of VEGF, such that antagonism of VEGF activity in the retina is a new therapeutic strategy. Unfortunately, VEGF also has neuroprotective actions ( 22 , 23 ) , which makes complete blockade produce potentially undesired side effects. Therefore, a more effective solution may be to determine a factor that can regulate VEGF actions and block its activation. One such factor would be IGF-1. Work on IGF-1R has previously been focused on its role in longevity as mutations in IGF-1R or its downstream signaling allow for increased life span ( 5 , 6 ) , likely through its ability to regulate apoptosis. Although much is known on IGF-1 in the retina ( 24 , 25 ) , much less is known on its signaling in the normal aging process. Because IGF-1R and insulin are involved in the aging process and utilize many of the same signaling molecules ( 26 ), we did investigate insulin receptor activity. We did not fi nd signifi cant changes in insulin receptor phosphorylation (data not shown). However, we did fi nd that normal aging of the rat retina results in an increase in tyrosine phosphorylation of IGF-1R, in spite of no changes in total IGF-1 levels in the retina.
Although IGF-1R activity was increased in aging, tyrosine phosphorylation of IRS-1 was signifi cantly reduced. This was an unexpected fi nding because increased IGF-1R normally would increase phosphorylation of IRS-1 proteins, leading to decreased apoptosis. Because we found that levels of cleaved caspase 3 were elevated, this would suggest that apoptosis is increased in the aging retina. This result agrees with our TUNEL and ERG fi ndings, showing fl uorescence in the outer plexiform layer and a decline in the amplitudes of the B-wave and OPs with age, respectively. Furthermore, we observed that Akt was reduced with increasing age in the retina. Therefore, in spite of the increased phosphorylation of IGF-1R, the other components of IGF-1R signal transduction cascade are signifi cantly decreased in age.
One possible explanation for an increase in IGF-1R phosphorylation, but a decrease in IRS-1 tyrosine phosphorylation, could be increased infl ammatory markers in aging. We have previously shown that aging of the retina is associated with an increase in prostaglandin E2 (PGE2) protein ( 27 ) . This is not unexpected because PGE2 and other cytokines are increased with advancing age due to increased levels of reactive oxygen species ( 28 ) . In the eye, the age-related macular degeneration study is designed to optimize the use of antioxidants to prevent or treat macular degeneration ( 29 ) . Although it has not been demonstrated for PGE2, other cytokines, such as tumor necrosis factor-alpha (TNF a ), are involved in the regulation of insulin/IGF-1 signaling through modulation of IRS-1 activity. In other cell types, activation of TNF a leads to serine phosphorylation of IRS-1 and IRS-2, thus promoting decreased insulin signaling ( 30 -34 ) . Because IGF-1R and insulin involve in the activation of IRS-1 leading to increased phosphorylation of PI3K and Akt, it is possible that the increase in PGE2 due to aging acts similar to TNF a to decrease tyrosine phosphorylation of IRS-1 in the retina. Although this is only one possibility, it certainly deserves further study, as it can link the increased infl ammatory markers noted in the aging retina with altered growth factor signaling. Nonetheless, the decrease in IRS-1 activation in the aging retina may be a positive response of normal aging to prevent neovascularization. In this way, the ability to regulate IGF-1R signal transduction through IRS-1 may provide a novel site for therapeutic intervention to prevent increased VEGF levels and actions.
Infl ammatory cytokines are not the only molecules that can regulate IRS-1 activation. Because IRS-1 activation lies downstream from both insulin receptor and IGF-1R phosphorylation, enzymes or chemicals that inhibit activation of the insulin/IGF-1R actions will block IRS-1 tyrosine phosphorylation and activities, such as phosphatases ( 35 ) . Others have also reported that IRS proteins may undergo proteosome-mediated degradation rather than acute inhibition through serine phosphorylation ( 36 ) . Although all these possibilities exist, the regulation of IRS-1 phosphorylation remains a key question for age-related studies of the retina.
In conclusion, this study demonstrates that normal aging of the retina produces increased IGF-1R phosphorylation. However, the increased IGF-1R activity is not antiapoptotic as activities of IRS-1 and Akt are reduced. The decrease in Akt phosphorylation likely leads to increased cleavage of caspase 3. The increase in cleaved caspase 3 may explain the age-related declines in B-wave and OPs that are observed in the rat retina. Further studies on the regulation of IRS-1 receptor phosphorylation in aging are warranted. These results suggest that the IGF-1R signaling through IRS-1 may be the critical deviation in the normal aging process, which could promote neovascular retinal disease in the aging retina if left uncontrolled to activate VEGF.
